We have identified the most likely reaction mechanism for oxidizing heptafulvenes to the corresponding tropones by experimental and theoretical investigations. The experimental studies were done by coupling a three-dimensional printed miniaturized reactor with an integrated electrospray ionization needle to a mass spectrometer. Using the experimentally observed ions as a basis, nine alternative reaction pathways were investigated with density functional theory calculations. The lowest energy reaction pathway starts with the formation of an epoxide that is opened upon the addition of a second equivalent of the oxidizing species meta-chloroperoxybenzoic acid. The adduct formed then undergoes a Criegee-like rearrangement to yield a positively charged hemiketal, which on deprotonation dissociates into acetone and tropone. Overall, the reaction mechanism resembles a Hock-like rearrangement.
■ INTRODUCTION
Tropones and troponoids are interesting compounds due to their anticancer properties, 1,2 antimicrobial activity, 3, 4 and antifungal effects. 5 The oxidation of the exocyclic carbon− carbon double bond of a heptafulvene by meta-chloroperoxybenzoic acid (mCPBA) provides an unusually mild method for obtaining tropones. 6, 7 Understanding the mechanism of this reaction would allow for optimizing the reaction conditions to obtain the maximal yield of the desired product and minimal formation of byproducts. A strong tool for experimentally studying the reaction mechanisms is a microreactor coupled online with mass spectrometric (MS) detection. 8 In comparison to related macroscopic systems, microreactors usually require smaller amounts of reactants and improve heat and mass transfer, the latter resulting in shorter reaction times. 9 These characteristics, together with the possibility of automated sampling offered by (miniaturized) systems coupled online with a detector, can be exploited for reaction mechanism studies. The high sensitivity of MS detection and its mass-to-charge (m/z) ratio-based identification of reaction intermediates and products, which is further supported by multiple stage MS (MS n ) data, facilitate the identification of various species, 10 thus making MS an excellent choice for reaction mechanism studies. Additionally, since MS detection enables very rapid response times, 11 it is good for detecting intermediates of interest. Examples highlighting the capability of online MS to detect short-lived reaction intermediates include the Negishi reaction, 12 microdroplet studies of the cycloaddition between diethyl azodicarboxylate and quadricyclane, 13 as well as of hydrazone formation, 14 and monitoring of visible-light-mediated [3 + 2] annulation. 15 Microreactors and flow chemistry systems combined with MS have been used for probing reaction mechanisms. 16 MS provides only limited structural information, and the species observed may not be unambiguously identifiable by MS. In these scenarios, computational chemistry can be used in synergy with the experimental results. Using computational chemistry to investigate the potential energy profiles of potential reaction pathways, the alternative mechanism with the lowest energy barrier can be identified. The combination of MS and computational chemistry for resolving mechanisms has been applied for a number of organic 17−19 and organometallic 20−23 reactions. Nevertheless, the combination of computational chemistry and microreactors coupled online with MS detection for probing reaction mechanisms seems to be a concept hitherto unexplored.
Here, a three-dimensional (3D) printed miniaturized reactor fabricated of the chemical-resistant polymer polypropylene 24 was combined with an ion trap MS operated in the positive electrospray ionization (ESI) mode to study the oxidation of heptafulvene 1 to tropone 5 (Scheme 1) online. In addition, density functional theory (DFT) calculations were performed (M06-2X/6-311++G(d,p)) to assess the various mechanisms that would explain the appearance of the species observed. The energies obtained from these calculations are given as Gibbs free energies, unless explicitly noted otherwise. Figure 1 shows typical experimental results in terms of extracted ion profiles (EIPs) of the ions of interest and an averaged mass spectrum at the end of the experiment. The experiment was performed as follows: at t = 0, acquisition of mass spectra was started (and continued during the whole experiment); immediately after this, compound 1 from one syringe and mCPBA (both dissolved in acetonitrile containing 0.1 vol % formic acid) from another syringe were infused into the miniaturized reactor at flow rates of 125 μL/min each. At 1 min, the miniaturized reactor, which has a volume of approximately 250 μL, 24 is filled and the infusion of reactants is stopped. At this time point, the integrated stir bar of the miniaturized reactor is activated, and optimization of the position of the reactor in front of the capillary extension of the MS is started until a stable electrospray is obtained at approximately 2.5 min, as shown in Figure 1a . This is observed as an increase in the EIP intensities. Additional mass spectra for the experiment shown here, as well as the averaged mass spectra and EIPs from other experiments, are presented in the Supporting Information, S2.1−2.2. The results of these experiments are in accordance with those presented in Figure  1 .
■ RESULTS AND DISCUSSION
The most interesting ions observed in the mass spectrum ( Figure 1b ) are m/z 293, 319, 335, and 351 (the compound and ion structures are given in Figure 1a and Scheme S5). These species were initially identified by the analysis of the pure starting material (1) and the tropone reaction product (5, synthesized and purified offline) using ion trap MS and liquid chromatography−mass spectrometry (LC−MS). In addition, the change in EIP intensities of the reaction species as a function of time and MS n studies (Supporting Information, S2.3) aided the identification of these species. The ion at m/z 293 was assigned as the protonated tropone reaction product [ S1] + (Scheme 2) were investigated computationally. As can be seen from the EIPs (Figure 1a ), already at the start of the experiment, some ions were formed via oxidation of heptafulvene 1 (m/z 319), particularly m/z 335, but m/z 351 and m/z 293 were also present. These oxidized species of 1 were also observed when analyzing pure 1 with liquid chromatography (LC)−ESI-MS (further details in the Experimental Section and S1.1.2). Since only one chromatographic peak for compound 1 was seen in the LC− MS chromatogram, and nuclear magnetic resonance (NMR) analysis of 1 indicated that it was pure (S1.1.1), we attributed the presence of these ions at the start of the experiment to the fact that analytes can be oxidized during ESI. 25 Formation of the reaction products and intermediates and their structural assignments are discussed in further detail together with the DFT calculation results. The mass spectrum in Figure 1b also shows ions at m/z 276, 363, and 380. These ions are discussed in the Supporting Information, Section S2.2.
Based on the mass spectrometrically detected ions and their temporal profiles, the reaction pathways for DFT investigation were drafted (main pathways are shown in Scheme 2; additional considered pathways can be found in the Supporting Information, Section 3.1). The color coding of the molecules presented in Scheme 2, as well as of the plots in Figure 2 , represents the alternative reaction routes with different intermediates and/or transition states (TSs) and thus energy barriers. The structures depicted in black are part of all of the reaction pathways considered. The reaction pathway with the lowest overall reaction barrier, the blue acid-catalyzed exoxyclic Criegee rearrangement pathway, is discussed first, and subsequently two additional reaction pathways with sequentially higher energy (the turquoise endocyclic Criegee rearrangement pathway and the pink 1,2-dioxetane formation pathway), accounting for the occurrence of the ion at m/z 351, are presented below. Additional higher energy barrier reaction pathways are presented in detail in the Supporting Information, Section 3. A summary of the reaction pathway names, the color coding for each reaction pathway, and species of each pathway are given in Table 1 .
All pathways (Schemes 2 and S5, Figure 2 , and Table 1 ) start with the mCPBA oxidation of the exocyclic carbon− carbon double bond of heptafulvene 1 into an epoxide moiety of 2 via transition state TS1 ( Figure 3 ). In its protonated form ([2 + H] + /[9] + ), this can be observed as an ion with m/z 335. The epoxide species 2 can subsequently react with a second equivalent of mCPBA through a bimolecular nucleophilic substitution (S N 2) reaction with concerted proton transfer between the epoxide oxygen of 2 and the peroxycarboxyl moiety of mCPBA (TS2, Figure 3 ), producing the intermediate 3.
If intermediate 3 follows the blue reaction pathway and undergoes an acid-catalyzed exocyclic Criegee rearrangement through TS3 (Figure 3 ) after the addition of a metachlorobenzoic acid (mCBA) molecule, it results in the formation of [4·2mCB]. Dissociation of this complex yields 4, with a positive charge delocalized over the ring system. This ion corresponds to m/z 351. Tandem MS analysis of the m/z 351 precursor ion yields fragments, which can be explained based on the structure of [4] + (Table S1, Figure S22 , and Scheme S3a), suggesting that m/z 351 in the mass spectrum ( Figure 1b ) has the structure of 4. Following deprotonation, 4 dissociates barrierless into tropone product 5 and acetone. The The Journal of Organic Chemistry Article blue acid-catalyzed exocyclic Criegee rearrangement pathway, proceeding through TS3 (Schemes 2 and S6, Figures 2, and S26), has the lowest overall energy barrier, i.e., is the most favored pathway.
Another possible explanation for the detection of m/z 351 arises from the turquoise endocyclic Criegee rearrangement pathway (Schemes 2 and S7 and Figure S27 ) as characterized by TS4. Following this pathway, m/z 351 would instead have the structure of an oxocine ring, which cannot easily react further in any way relevant to this study. This reaction pathway deviates at the aforementioned compound 3. The mechanism of formation of S1 is essentially the same as that for the formation of 4, i.e., a Criegee rearrangement. However, while the exocyclic reaction can benefit from catalysis by one additional acid molecule, the geometry of the TS of the endocyclic reaction does not allow for this. The compound formed, S1, is positively charged with an m/z of 351. However, investigation of the precursor ion m/z 351 with tandem MS shows a fragment at m/z 276, which is formed by a loss of 75 from m/z 351 (Table S1, Figure S22 , and Scheme S3). This product ion cannot be as easily explained, based on the precursor ion having the structure of [S1] + , as is possible from the structure of the precursor ions [4] + or [8 + H] + . However, it is important to keep in mind that the reaction through the acid-catalyzed exocyclic Criegee rearrangement pathway (via TS3) is dependent on the mCBA concentration because the progress through TS3 requires one additional equivalent of mCBA, while this is not the case for TS4.
In addition to the above described reactions, peroxy ester 3 could alternatively pursue the pink 1,2-dioxetane reaction pathway to yield a species with the m/z 351. Here, 3 reacts through TS6 (the dark green 1,2,4-trioxane cycloreversion Figure S29 ) by a nucleophilic attack of the hydroxy oxygen atom on the metachloroperoxybenzoate (mCPB) moiety's carboxyl carbon atom. This results in a spiro compound, 6, which by undergoing a ring opening (TS8), joins the pink 1,2-dioxetane reaction pathway (characterized by 8, Scheme S10 and Figure S30 ), and through TS9, spiro-1,2-dioxetane 8 is formed.
When 8 undergoes [2 + 2]-cycloreversion (TS10), the tropone product 5 and acetone are formed simultaneously. It should be noted that we have only studied this typically thermally forbidden reaction step in the singlet ground state. This, however, we found to follow a concerted mechanism, and were not able to locate any low-energy TS corresponding to the formation of a biradical structure, as described by, e.g., Farahani et al. 26 for 1,2-dioxetane. Therefore, the energy given for this step should be treated as an upper limit rather than a definite value. In any case, this does not affect our conclusions, since TS10 is not the TS highest in energy on this specific reaction pathway. Furthermore, since the energy of this reaction pathway is higher than that of the acid-catalyzed exocyclic Criegee rearrangement pathway, the structure of m/z 351 does, in spite of its proposed fragmentation pattern being a good match for both structures [4] A tentative mechanism for the oxidation of heptafulvenes to tropones with mCPBA, involving a direct transition from 3 to 5, without any further intermediates, has been proposed previously. 6 Moreover, a study of a related reaction, in which the mCPBA oxidation of a 4-hydroxy analogue of heptafulvene Scheme 2. Three Main Reaction Pathways Evaluated by Density Functional Theory Calculations a a Compound 2 can also, by protonation, be converted directly to 3 via 9 (red tropylium pathway). Additional investigated reaction pathways, presented in further detail in Table 1 The Journal of Organic Chemistry Article 1 was monitored with an offline MS detection using micropillar array ESI, has previously been reported. 7 Although this study was not a mechanistic investigation, the ion corresponding to m/z 351 was observed and suggested to be a byproduct. 7 The online MS experiments of our present study show that the EIP of m/z 351 appears to stabilize over the course of the experiments (Figures 1a, S7 , S10, and S13), indicating this ion to be a reaction intermediate rather than a byproduct. Based on this, together with the supporting DFT calculations, we now propose structure 4 for the ion m/z 351.
■ CONCLUSIONS
We have investigated the mechanism of the mCPBA-mediated oxidation of heptafulvene 1 to tropone 5 (Scheme 1) by combining online MS experiments with a miniaturized reactor and DFT calculations. The mass spectrometrically observed ions provided starting points for the theoretically investigated mechanisms. Based on the energy profiles obtained for each reaction pathway, the most likely pathway (in black and blue) starts with heptafulvene 1 initially reacting with a single mCPBA molecule, forming epoxide 2 (Scheme 2). The epoxide oxygen of 2 subsequently reacts with a second equivalent of mCPBA. This brings about opening of the epoxide ring (TS2), and by reaction with mCBA, a hemiketal ion (4) is formed. As this ion becomes deprotonated, it forms the tropone product 5 and the byproduct acetone. Thus, the overall reaction could be described as following a Hock-like rearrangement mechanism, 27 which is known for hydroperoxides with substituents having delocalized electrons.
This study highlights the strength of combining microreactors interfaced with MS with computational chemistry for mechanistic studies and clearly shows that the acid-catalyzed exocyclic Criegee rearrangement pathway is the lowest-energy pathway for mCPBA-mediated oxidation of heptafulvenes to tropones.
■ EXPERIMENTAL SECTION
The experimental procedures for coupling the miniaturized reactor to MS for online reaction monitoring and details about the DFT calculations are described here. Details about the MS/MS experiments are presented in the Supporting Information, Section 2.
Reagents for the Online Reaction Monitoring Experiments. The heptafulvene, 8-isopropylidene-4-methoxy-1-methyl-3-trifluoromethyl-8H-benzo[cd]azulene (compound 1, Scheme 1, synthesized as previously described 6 ), and meta-chloroperoxybenzoic acid (mCPBA, ≤77%, Sigma-Aldrich, Steinheim, Germany) were used as starting materials for the studied reaction. The compound 5 (4-methoxy-1methyl-3-trifluoromethylbenzo[cd]azulen-8-one) synthesized as previously described 6 was used as a reference compound. The following solvents were used for the experiments: Chromasolv-grade acetonitrile (Honeywell, Morris Plains, NJ), formic acid (98−100%, Merck, Hohenbrunn, Germany), and water (purified with a Milli-Q Plus system from Millipore, Molsheim, France).
Verifying the Purity of the Heptafulvene Reactant 1 and Tropone Product 5 (Reference Compound). We noticed that, in addition to the protonated molecule of 8-isopropylidene-4-methoxy-1-methyl-3-trifluoromethyl-8H-benzo[cd]azulene, [1 + H] + , seen at m/z 319, oxidized species of 1 were present in electrospray ionization mass spectrometry (ESI-MS) analysis of compound 1 (observed as ions at m/z 293, 335, and 351), using the ion trap mass spectrometer. Due to this, the purity of 1 was investigated by NMR spectroscopy and LC−MS (see further details in the sections NMR Spectroscopy and LC−MS below). The results of these analyses indicate that the oxidation products of 1 seen in the direct infusion ESI-MS spectrum are likely due to the oxidation of 1 in the ESI process. Reactivity of ESI is a known phenomenon. 25 When analyzing pure 4-methoxy-1methyl-3-trifluoromethylbenzo[cd]azulen-8-one (5, synthesized as previously described 6 ) with ion trap ESI-MS, the only intensive mass peaks present in the mass spectrum were m/z 293 and 315, which are interpreted as [ endocyclic Criegee rearrangement (Scheme S7 and Figure S27 ) b turquoise [2·mCPBA], TS2, 3, TS4, [S1·mCB], S1 non-acid-catalyzed exocyclic Criegee rearrangement (Scheme S8 and Figure S28 ) 
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Article tube and analyzed with a Bruker Ascend 400Avance III HD NMR spectrometer (Bruker Corporation, Billerica, MA), operated at the frequency of 400 MHz. The chemical shifts (δ) are given in parts per million (ppm), and the coupling constants are reported in hertz (Hz). The scale of the obtained NMR spectrum was tuned according to the shift of DMSO-d 6 (2.5 ppm). The NMR data were processed using software MestreNova, version 11.0.3-18688 (Mestrelab Research S.L., Bajo, Spain). The obtained 1 H NMR spectrum for compound 1 in DMSO-d 6 is shown in Figure S1 . 1 LC−MS. A Waters Acquity UPLC system connected to a Waters Synapt G2 mass spectrometer (Waters Corporation, Milford, MA) was used for the measurements. The chromatographic separation was performed with an ACQUITY UPLC BEH C18 column (ID 2.1 mm, length 50 mm, 1.7 μm particle size). The following eluents were used: A, 100% water purified with a Milli-Q Plus purification system from Millipore (Molsheim, France); and B, 100% Chromasolv-grade acetonitrile (Honeywell, Morris Plains, NJ). The solvent gradient started at 95% solvent A and 5% solvent B. At 9 min, the portion of B was 95%, which decreased to 5% at 9.01 min and remained at this level for the rest of the runtime (total runtime was 10 min). The eluent flow rate was 0.6 mL/min, and the column temperature was kept at 40°C. One microliter samples of a 31 μM solution of 1 and a 34 μM solution of 5 in Chromasolv-grade acetonitrile were injected to the UPLC. Compound 5 was used as reference compound in the LC−MS experiments to compare its retention time with that of compound 1. The mass spectrometer was operated in positive ESI mode using the following settings: the capillary voltage was 3 kV, the ion source temperature 120°C, and the desolvation temperature 360°C . The measured mass range was 100−600 m/z for sample 1 and 100−800 m/z for sample 5. The scan time of 100 ms was employed for both samples. Nitrogen was used as the cone gas, as well as desolvation gas. The cone gas flow rate was 10 L/h when analyzing 1 and 20 L/h when analyzing 5. The desolvation gas flow rate was 800 L/h for both of the samples. The software MassLynx 4.0 (Waters Corporation, Milford, MA) was used to process the acquired data.
The calculated exact mass for the protonated 8-isopropylidene-4methoxy-1-methyl-3-trifluoromethyl-8H-benzo[cd]azulene, [1 + H] + , is 319.130 (calculated using MolE Molecular Mass Calculator v2.02 28 ), and the measured mass for the [1 + H] + peak was 319.13. The calculated exact mass for the protonated 4-methoxy-1-methyl-3trifluoromethylbenzo[cd]azulen-8-one, [5 + H] + , is 293.078 (calculated using MolE Molecular Mass Calculator v2.02 28 ), and the measured mass for the [5 + H] + peak was 293.08. The retention times for 1 and 5 (in the control sample of 5) were 7.52 and 5.21 min, respectively ( Figure S2 ). Averaged mass spectra at times when 1 and 5 eluted (7.52 and 5.21 min, respectively) are presented in Figure S3 . In Figure S3a (analysis of 1) , the main ions observed are at m/z 293, 319, 335, and 351, while in Figure S3b (analysis of 5) , the main ion observed is at m/z 293. In the sample of pure 1 (Figure S3a) , the mass peak at m/z 319 corresponds to protonated 8-isopropylidene-4methoxy-1-methyl-3-trifluoromethyl-8H-benzo[cd]azulene, [1 + H] + , while the other main mass peaks observed (m/z 293, 335, and 351) are interpreted to be oxidation products of 1. This statement is based on the fact that only one chromatographic peak (at 7.52 min) is observed in the chromatogram ( Figure S2b ) when pure 1 is infused. In the mass spectrum in Figure S3b , the only intensive mass peak observed is at m/z 293. This is interpreted as [5 + H] + . These results agree with the ones obtained in ESI-MS analysis of these compounds with the ion trap mass spectrometer.
Reagent Solutions for the Oxidation Reaction Experiments. The reactant solutions and the background solvent (a 0.1 vol % solution of formic acid in acetonitrile) were purged with N 2 for 5 min when they were prepared, as well as when they were sampled (i.e., being drawn into the syringes). Heptafulvene 1 was used as a 31 μM (10.0 μg/mL) solution in acetonitrile + 0.1 vol % formic acid.
mCPBA was used as a 290 μM (50.0 μg/mL) solution in acetonitrile + 0.1 vol % formic acid.
Miniaturized Reactor Fabrication. The miniaturized reactor and the measurement jig for the reactor were 3D printed with a miniFactory 3D printer (Minifactory Oy Ltd., Seinajoki, Finland) as described previously. 24 Briefly, the microreactor was 3D printed using fused deposition modeling, and the filament used was polypropylene (PP), which exhibits good chemical resistance. The melted PP filament (heated to 230°C) was extruded from a 0.4 mm diameter nozzle, while the 5 mm thick PP build platform whereon it was printed was kept at 30°C. The nano-electrospray ionization (ESI) needle (length 50 mm, i.d. 30 μm, o.d. 150 μm; Thermo Fisher Scientific, Vantaa, Finland) and poly(tetrafluoroethylene)-coated stir bar (length 10 mm) of the reactor were integrated by pausing the printing process after 28 and 54 layers had been printed, respectively.
Miniaturized Reactor Setup. The miniaturized reactor was coupled to an ion trap mass spectrometer similarly as previously described. 24 Thus, the measurement jig with the miniaturized reactor was mounted on an XYZ-stage (Marzhaüser Wetzlar GmbH & Co. KG, Wetzlar, Germany) in front of the capillary extension of an ion trap mass spectrometer ( Figure S4 ). Similarly to in our previous study, a metallic spacer, with a polymer sheet wrapped around it, was placed between the top and bottom part of the measurement jig for the miniaturized reactor to rest on. The power for the mixer fan (in the measurement jig) for activating the stir bar of the reactor was provided by an Iso-Tech DC power supply (IPS 603, Yleiselektroniikka Oyj, Espoo, Finland). The nano-ESI capillary was grounded by wrapping one end of a copper wire around the nano-ESI capillary and the other end of the wire around a metal rod of the ion source frame of the mass spectrometer. Two 1 mL syringes (i.d. 4.6 mm, Hamilton Company Bonaduz, Bonaduz, Switzerland), placed in a PHD 2000 syringe pump (Harvard Apparatus, Holliston, MA), were used for infusing the reactant solutions. The syringes were connected to the miniaturized reactor in the measurement jig by PEEK capillaries (i.d. 64 μm, length 42 cm per capillary; Applied Research Europe GmbH, Berlin, Germany), ferrules, nuts, and sleeves (IDEX Europe GmbH, Erlangen, Germany).
Procedures for Cleaning the Miniaturized Reactor. Between each experiment, the syringes, the PEEK capillaries, and the reactor itself were flushed with at least 1 mL of acetonitrile. The stir bar of the reactor was activated during the flushing. The capillary extension of the mass spectrometer was sonicated in acetonitrile between each experiment.
Mass Spectrometric Conditions. The mass spectrometer used in the online experiments was an Agilent 6330 ion trap mass spectrometer (Agilent Technologies, Santa Clara, CA) operated in positive ion mode. The ionization technique was electrospray ionization. The m/z scan range was 50−600 in all experiments (including the MS n experiments). The capillary voltage was set to −2.5 kV. Nitrogen heated to 100°C was used as the drying gas with a flow rate of 6 L/min. Regarding the online reaction experiments, mass spectra were recorded for at least 34 min and presented mass spectra of these experiments are averaged over 1 min. Extracted ion profiles (EIPs) of the integer value of the ion of interest were plotted with an isolation width of ±0.5 m/z (1.0 m/z window). The isolation width of all MS n experiments was ±0.5 m/z (1.0 m/z window), and the integer value of the precursor ion was isolated in these experiments. MS n spectra were recorded for 30 s and averaged over this time. More details about the MS n experiments (fragmentation amplitudes, relative intensities of reported mass peaks, product ion interpretations) are reported in Table S1 (in Section 2.3.2 of the Supporting Information). The mass spectrometric data were processed with the software DataAnalysis (DataAnalysis for 6300 series ion trap LC/MS version 3.4, build 192; Agilent Technologies, Santa Clara, CA).
Experimental Design of the Online Reaction Monitoring. The online reaction monitoring experiments were conducted at room temperature. Vials, capillaries, syringes, and the reactor were flushed with N 2 before each experiment. When starting the experiment, solutions of mCPBA and 1 in acetonitrile + 0.1 vol % formic acid were contained in one syringe each. The acquisition of mass spectra was
The Journal of Organic Chemistry Article started at t = 0, and was continued during the whole experiment. Immediately after the recording of mass spectra was started, 125 μL of the contents of each syringe was infused with the flow rate 125 μL/ min (target volume 125 μL), resulting in filling of the miniaturized reactor (which has the inner volume of approximately 250 μL 24 ) at 1 min. At this time point, the stir bar was activated by turning on the fan in the jig with a voltage of 24 V, and optimization of the position of the reactor in front of the capillary extension of the mass spectrometer was started.
Computational Details. All DFT calculations were carried out with Gaussian 09. 29 We followed the recommendation of Truhlar et al. 30 and chose the hybrid functional M06-2X 31 for our calculations. It has been proven to give good results for investigating organic chemistry compounds and reactions. 32 When employing the functional set with validation sets, the obtained results were much improved compared to the well-established workhorse functional set B3LYP, 33−38 giving a mean unsigned error (which is the mean absolute deviations from the reference data) of 0.30 kcal/mol or less. 39 Owing to its utility for studying hydrocarbon systems, we utilized the basis set 6-311++G(d,p) in our calculations. 39 Aumuller and Yli-Kauhaluoma have studied heptafulvenes resembling the one in our study and concluded that the functional M05-2X (a precursor of M06-2X, which was used in our study) and the basis set 6-311+ +G(d,p) yielded accurate results for these systems. 40, 41 All our calculations were conducted in the singlet ground state.
At first, each structure was optimized to its lowest-energy conformation, using the keywords "nosymm" and "UltraFine" for the integration grid. The UltraFine integration grid has 99 radial shells and 590 angular points per shell, making it suitable for calculations on molecules with many tetrahedral centers and larger molecules with many soft modes (such as methyl rotations), which both are characteristics of the systems we studied.
As the mass spectrometry experiments were performed in a 0.1 vol % solution of formic acid in acetonitrile, all calculations used an integral equation formalism variant polarizable continuum model (IEFPCM) solvent model with the predefined parameters for acetonitrile. Vibrational frequencies of all optimized structures were calculated, yielding no imaginary frequency for stationary structures, and exactly one imaginary frequency for transition states. For (de-)protonation steps, no explicit transition states were calculated, and protons were implicitly assumed to originate from meta-chlorobenzoic acid.
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